Cybersickness embraces a range of clinical symptoms reported in response to simulated motion in a computer generated, virtual reality environment. The Simulator Sickness Questionnaire (SSQ) has been the standard tool for measuring observed responses; however, many of the observed SSQ variables are highly correlated, so it is not clear which ones are appropriate to use as a basis for building an explanatory model. In this study, responses to the SSQ were analyzed using principal components analysis, and four significant factors -general cybersickness, vision, arousal and fatigue -were identified. An initial interpretation of these factors is provided in the context of a broader cybersickness model, with a view to constructing a new questionnaire with fewer, more focused questions.
Introduction
Therapeutic anxiety treatments,vocational training for pilots, astronauts and car drivers, often make use of a computer generated immersive virtual reality environment (VRE). These environments are widely accepted as safe and incrementally controllable [1, 2] . However, despite the recent increase in the use of VRE for learning and teaching, it is reported that cybersickness affects between 60-80% of users [3, 4] . Cybersickness describes a collection of symptoms in which the individual who is exposed to a VRE reports symptoms akin to classical motion sickness, without the presence of physical motion [5] . Symptoms of cybersickness are expected if there is sufficient illusion of self movement (vection) [6] [7] [8] . Moreover, the literature reveals that an extended duration of exposure results in a greater severity of symptoms [9, 10] . Kennedy et al. [9] reported that exposure duration between one and three hours, and repeated exposures are linearly related to the Simulator Sickness Questionnaire (SSQ) [11] responses in flight simulators. Notably, Kennedy et al. [12] reports significant visually induced motion sickness symptoms as rated by the SSQ [11] responses in just 15 min. Indeed, an increase in symptoms in response to VRE exposure has been reported in as little as six [13] to ten minutes [3] .
The SSQ [11] is a customized edition of the Pensacola Motion Sickness Questionnaire [14] , whereby the original list of motion sickness symptoms is condensed to accommodate symptoms specific to simulator technology. The SSQ [11] requires the user to subjectively report the severity of symptoms such as general discomfort, fatigue, headache, eyestrain, difficulty in focusing, salivation, sweating, nausea, difficulty in concentrating, fullness of head, blurred vision, dizziness, vertigo, stomach awareness or burping on a scale ranging from no symptoms through to severe symptoms.
Although the purpose of the SSQ [11] was initially to identify simulators that induce simulator sickness symptoms in the trainees, it is now accepted as a validated tool for assessing client responses in the research and treatment of psychiatric and psychological conditions [15, 16] , occupational training scenarios [17, 18] as well as anti-motion sickness drug efficacy in a virtual environment [19] . We chose to use the SSQ [11] as a reliable tool for assessing symptomatic responses to our simulated environment.
A potential confound with the SSQ [11] is that it contains many variables that are highly correlated [11, 20] . Kennedy [11] acknowledged this issue and provided a factor analytic model which identified three orthogonal groups of symptoms -oculomotor, disorientation and nausea -as a way of scoring the questionnaire. Another study [20] that examined reducing the number of questions of the SSQ [11] assessed a cohort of 164 clinically diagnosed anxiety disorder patients and 207 healthy individuals, using a principal factor analysis, reported that only two factors -oculomotor and nausea -were significant (Cronbachs alpha 0.87). Likewise, a regression model [21] was used to identify four SSQ [11] symptoms -headache, difficulty in concentrating, fullness of head and burping -to predict cybersickness. For this reason, we propose that a subset of the SSQ [11] is likely to be sufficient to determine whether a user is likely to experience cybersickness or not.
Anxiety has also been reported to correlate with significant movement within a VRE [22, 23] . In addition to the [11] self-report questionnaire, a range of symptomatic assessment options are available for measuring physiological responses to VREs based on autonomic nervous system function. Although some studies have suggested anxiety is the response measured, anxiety is a term that implies psychological stress and suggests an element of aversion to the stimuli [24] . A more accurate definition would be the term arousal whereby we refer to a state of activation.
The Yerkes-Dodson Law [25] hypothesized that increased arousal improves performance up to an optimal point, where after, a further increase in arousal results in a decreased performance, a feature known as the inverted U principle. Within a research context, engaging physiological responses may offer an objective measure. Cardiac activity is a robust measure of performance arousal [26] [27] [28] [29] . Increased cardiac function has been reported to be correlated with visually induced motion sickness (VIMS) within virtual environments [30, 31] . Specifically, heart rate is more sensitive to varied cognitive demands than heart rate variability, and typically increases in response to higher mental load [29, 32] .
The respiratory system maintains blood oxygen and carbon dioxide concentrations within specific values. At rest a normal person breathes approximately 12 times per minute. Increasing physical activity stimulates an increase in depth and breathing rate. Similarly, intense mental effort, or psychological stress, even in the absence of physical activity can increase arousal levels and cause an increased rate and depth of respiration -hyperventilation. Breathing rate variability is a convenient and useful measure of mental load and stress [33] and is considered a sensitive indicator of intense concentration [34] . Respiratory change is also a sensitive index of anxiety [35] , and is a reliable and valid noninvasive measure of hyperventilation in phobic and control participants [36] . Hyperventilation has also been reported to alleviate the symptoms of nausea in response to a rotating optokinetic drum [37] , an oscillating television monitor or rotating and tilting physical environments [38] [39] [40] . In this study we propose investigating whether respiration changes in response to considerable movement within a VRE [41, 22, 21] could be an underlying physiological catalyst for cybersickness.
Engaging physiological methods may offer an objective appraisal of cybersickness within a research context in order to establish fundamental data; one limitation is, however, measuring physiological responses requires substantial administrator technical expertise. The adherence of electrodes to the client is invasive, time consuming and necessitates specialized electrocardiographic (ECG) equipment, thereby illustrating the need for a straightforward assessment tool. By identifying the underlying factors that activate the symptoms assessed by the SSQ [11] , we propose these factors will provide an insight into the physiological source of cybersickness, and assist in the development of a comprehensive theory of cybersickness. Cybersickness measures are generally administered (a) during a VRE session, (b) immediately afterwards, or (c) in order to measure the difference between pre-exposure and post-exposure test results. Yet it is not clear how predictive these measures are in identifying the susceptibility of an individual to any particular symptom. As Stroffregen and Riccio [42] stated, one of the main problems in predicting cybersickness is the complexity of the nervous system and the limited understanding of how sensory conflict [41] between visual input and cybersickness symptoms interplay. We believe there is a strong need for a simple, non-invasive and economical instrument capable of determining a client's susceptibility to cybersickness in a VRE. The four core requirements we have identified are:
Must predict cybersickness susceptibility when exposed to computer generated immersive virtual reality environments. Must be straightforward for users to respond. Needs to identify critical indicators of cybersickness. Must provide data in an easy-to-analyze form.
In order to identify the elements that are most likely to be predictive for cybersickness (dependent variable), we propose using a factor analysis on the independent variable results from (a) an SSQ [11] administration, (b) an anxiety questionnaire [22] , (c) respiration (breaths per minute) and (d) cardiac activity (ECG; beats per minute), to determine whether there are a limited number of latent variables that may be key indicators of cybersickness symptoms in response to a VRE. The data to be analyzed comes from a previously reported experiment [23] in which a significant effect for simulated motion was observed between a control and experimental condition for cybersickness. Thus, the goal of this work is not to look a differences between control and experimental groups, but to understand what factors underlie the significance of the experimental group.
Methods
As reported in [23] , volunteer university undergraduates aged between 18 and 30 years of age participated in this experiment. The sample cohort (18 male and 10 female) were healthy and had normal or corrected to normal vision. Participants had no prior experience in the university VRE. Prior to the experiment, the participants received an email package with a Health Questionnaire, Ethics Consent Form and information letter requiring the participant to refrain from eating or drinking for two hours prior to the experiment, and not to consume illicit drugs or caffeine for 12 h prior to the experiment.
The participants were fluent in written and spoken English. Ethics approval for the study was obtained from the Macquarie University Human Ethics Committee. The Ethics Consent Form explained that the aim of the experiment was to investigate motion sickness in a virtual environment. Participants were advised that they had the right to discontinue the experiment at any time. No familiarization took place -all participants were naive to the VRE and the laboratory.
The experiment was conducted using a within-subject design to compare responses in a control condition (VRE with low simulated motion) and an experimental condition (VRE with high simulated motion). Participants acted as their own controls. Participants completed an Anxiety Scale [22] prior to the experiment, then again after the control and the experimental conditions. The Anxiety Scale [22] is a self rating tick box questionnaire with six questions, No Symptoms, Some Anxiety, Mild Anxiety, Moderate Anxiety, Severe Anxiety, Extreme Anxiety which are scored between 0 and 5. The SSQ [11] was also completed prior to commencing the experiment and again after both experimental and control conditions.
To record respiration and ECG data we used the Biopac Systems Inc. MP35 data acquisition unit. Respiration data was recorded by placing the respiratory transducer around the participants chest, below the armpits and above the nipples whilst ensuring a slight tight tension was felt at maximal expiration. The transducer was worn over a light shirt or top. ECG data was recorded by placing electrodes on the right anterior forearm wrist, left leg just above the medial malleous (inner ankle) and right leg just above the medial malleous (ground electrode). Calibration procedures were followed as per the Biopac Instruction Manual [43] .
The VREs were displayed on a parabola curved 160 degrees field of view projection screen (6.2 m Â 1.7 m). The participants viewed the VRE through Liquid Crystal Display synchronized shutter glasses that generate the three dimensional effect. The control condition presents a snow scene with gently rolling hills that the participant travels slowly over. In this scene there is little simulated movement other than the steady movement across the terrain (Fig. 1) . The experimental condition portrays a rollercoaster ride (Fig. 2) , whereby the participant travels along the sharp inclines and steep declines exposing the participant to moderate to severe simulated movement. Both the experimental and control conditions lasted for two minutes, and ran three circuits of the environment making a six minute journey. The participant was seated on a standard arm rest chair and was not restrained.
Only the results from the experimental condition were used in the current analysis, given the significant differences in cybersickness and anxiety between control and experimental conditions that have been previously reported [23] .
Results
Results from the SSQ [11] and Anxiety Questionnaire [22] , respiratory rate (breaths per minute) and heart rate (beats per minute) were collected from the experimental condition and were tabulated and analyzed using the statistical package STATA Release 11. For both the respiratory rate and the heart rate we analyzed the data from the final one minute of the sample [22] . In the case where a participant moved and caused an electrode to disconnect, that recording was excluded from further analysis.
To identify independent components, we used the Factor routine, with principal components analysis, and no rotation, on the dependent variables. Factors sequentially extracted using this method are linearly uncorrelated with the previous factor, whilst capturing the maximum proportion of unexplained variance. By using this analysis, we were able to reduce our data to identify a smaller number of factors that are likely to be creating the observed cybersickness symptoms. Statistical independence in psychometrics is typically understood to be linear independence, which differs from the definition of independence used in other fields related to our research (including signal processing), where the mutual information between independent components may be minimised (as in Independent Components Analysis [44] ). However, to maintain compatibility with existing psychometric techniques, we have used the notion of linear independence for our factor selection and interpretation.
The results obtained are shown in Table 1 . Factors were only retained for variable loadings, where the factor eigenvalue was greater than 1 (i.e., using the Kaiser Criterion [45] ). Table 2 shows the factor table, the result of a factor analysis of the SSQ [11] plus anxiety, respiration and cardiac activity (ECG). The eighteen scales appear down the left column and the four factors extracted appear across the top of the table. The body of the table provides the loadings of each of the factors. Loadings greater than 0.30 are considered to be a significantly strong contribution to the factor. Table 3 provides the descriptive statistics. Four factors were thus identified, cumulatively accounting for 78.27% of the variance observed. When we consider that the cumulative variance for only four factors was greater than 78% we were keen to consider the structure of the correlations, and the underlying physiological processes impacting upon the set of variables. In the following subsections, a preliminary interpretation of each of the four factors is provided. 
General cybersickness factor
This factor has positive-only loadings for a range of the most common symptoms associated with cybersickness, including cardiac activity, general discomfort, fatigue, salivation, difficulty in focusing, increased sweating, increased nausea, difficulty in concentrating, fullness of head, dizziness, vertigo, stomach awareness, burping and increased anxiety. In short, this single underlying symptomatic factor accounts for 38.75% of the variability of eighteen variables, suggesting that the symptoms of this factor are most likely to be combining to create the sensation of nausea and a general unwellness.
Vision factor
This factor contains only three extra elements in addition to the variables that loaded significantly in the first factor: respiration, headache and eyestrain. We believe that this factor displays the relationship between the direct sensory input (eyestrain) and headaches that are reported by participants who are exposed to high levels of movement within a simulated environment. The affinity between the physical symptoms of eyestrain and headache in response to computerized visual display units [46] , and simulator training environments [47] are well documented and we propose that this tendency to headaches may be associated with increased excitability of the visual cortical areas of the brain [48] . We suggest that this factor provides the link between general cybersickness and the simulated motion, whereby the sensory input is provided through the visual system, which can then become overloaded and consequently induce a headache. It is interesting to note that anxiety is not associated with this factor; thus, whilst general cybersickness is associated with anxiety, the visual factor is not.
Arousal factor
The arousal factor sees respiration exclusively being associated with difficulty focusing and concentrating, blurred vision, vertigo and stomach awareness. Respiration is a key measure of ANS activity, as evidenced by changes in blood levels of carbon dioxide in response to exercise or psychological anxiety [49, 35] and accordingly is identified as a distinct contributor to this factor.
Fatigue factor
The final factor identifies some symptoms associated with fatigue, such as fullness of head and eyestrain, with self-reported fatigue. Blurred vision and dizziness also loaded highly on this factor. This factor contributed the least amount of variance in the model, but presumably for longer periods than 6 min of testing, it would take on greater significance.
Discussion
The motivation for applying a principal components analysis to the set of variables which included the symptoms of the SSQ [11] , respiration, cardiac and anxiety data, was that we were interested in determining which variables would form a coherent subset of factors that could be used to develop an objective test for measuring a range of symptoms that are reported by participants in VREs. The goal was to reduce the number of variables required to be assessed into fewer factors. These factors are able to concentrate the relationships between the variables into a more efficient way of evaluating the unpleasant responses reported after immersion in a VRE. We have successfully achieved this goal. The results of this study suggest that cybersickness has four significant, latent components that could be more directly assessed possibly by a combination of self-report and physiological measures:
General cybersickness. Vision. Arousal. Fatigue.
The general cybersickness Factor accounted for 38.75% of the variability of the analyzed variables. This result suggests that it is the common physiological processes underlying the fourteen symptoms that are causing a general unwellness in the participants. The affinity between the sensory input from exposure to the VRE and the increase in arousal and the consequential changes in respiration rate seems to distinguish respiration as a latent structure underpinning cybersickness. It is plausible that the underlying physiological initiator, hyperventilation, is the result of an increase in arousal in response to the high levels of movement within the VRE.
Anxiety is a psychological and physiological state of arousal that presents in individuals in response to particular stimuli [24] . Anxiety has been reported in response to immersive VREs that have high levels of movement on the screen [22, 23] and demonstrated to be correlated with increase in severity of several SSQ [11] symptoms [21] . The ANS responds to anxiety in several ways. One of the primary responses to a stressor is a change in respiration rate [35, 49] , and this variation in breathing depth and frequency impacts on the levels of carbon dioxide in the blood.
The study of the effect of changes in carbon dioxide levels in cerebral blood flow has recently become an important research area. Recent technological advances using fMRI has shown the association between anxiety disorders and respiratory alterations in arterial carbon dioxide [35] . The relationship between breathing rate changes specifically, hyperventilation (increased rate and depth of breathing) and panic attack symptoms are well documented [36, 50] . Hyperventilation produces changes in cerebral blood flow which leads to feelings of lightheadedness, dizziness and concentration problems [51] in response to a reduction in carbon dioxide levels. By comparison, panic attack symptoms in the context of Anxiety Disorder [52] include heart palpitations, breathing difficulties, nausea, lightheadedness and dizziness.
The fourth factor we identified was Fatigue.This finding is in line with previous studies which demonstrate the association between drowsiness and simulated movement [53] [54] [55] [56] . Fatigue has previously been reported to increase in a controlled study, in response to considerable simulated motion in a VRE [31] . The variables that loaded highly in this factor along with fatigue were eyestrain, blurred vision, dizziness and fullness of head. The relationship between rapid eye movements (nystagmus) the resultant eye muscle fatigue, and headache and migraine symptoms [56] [57] [58] [59] [60] is well documented. In fact, the Eye Movement Theory of motion sickness [61] supports the notion that over stimulation of the muscles of the eye as a result of specific eye movements within a virtual environment can lead to headache and eye muscle fatigue. Having demonstrated that there are four latent factors underlying cybersickness in an immersive VRE using a considerable level simulated motion, the key question is whether we can generalize these results to other virtual environments, and/or to other environments such as computer gaming? In order to establish whether these results are generalizable, firstly, we would need to compare the results from this study with an equivalent study undertaken in a non-immersive gaming environment.
Secondly, we could construct a new form of SSQ [11] with a reduced number of scales to try and more accurately measure the latent factors directly. Finally, since the current VRE does not require any user interaction or control, it is possible that the factor structure we have observed would be impacted if the user had control of movement and speed within the VRE. In further studies, it would be worthwhile investigating whether providing an option for the client to regulate the virtual movement within the VRE and whether this control would demonstrate a decrease in arousal as a result of reduced anxiety.
The well known phenomenon of the Yerkes-Dodson Law [25] , indicates that an increase ANS arousal in response to a perceived stress affects an individuals ability to concentrate effectively beyond a critical threshold [62] . As in the Yerkes-Dodson Law [25] , the changes in respiration rate which occur in response to anxiety as a response to stimuli of high movement virtual environments, appear to be in turn creating changes in carbon dioxide blood levels which in turn are producing symptoms that are being recognized as increases in anxiety, thus reducing the participants ability to concentrate effectively on the content of the environment. Further research is required to determine how these different components fit into an overall explanatory model. Certainly, a single experiment is not sufficient to do this, for example, future studies could investigate longer periods of immersion, and its impact on fatigue.
An important requirement for any form of vocational or training exercise necessitates an easy to administer assessment tool for evaluating an individuals susceptibility to unpleasant side effects. It is therefore, necessary for a screening or assessment tool to be straightforward for client responses, as well as simple for the administrator to analyze the results.
Finally, the four factors identified provide further insight into the underlying causes of cybersickness. In identifying these factors our attention is drawn back to the need for a comprehensive theory of cybersickness. Our theory that it is an increase in arousal (anxiety) that promotes changes in respiration rate, which in turn generates reduced carbon dioxide levels in cerebral blood flow. This lowering of carbon dioxide results in lightheadedness [51] , which subsequently presents as symptoms of dizziness, fatigue, difficulty in concentrating, feelings of dissociation (fullness of head [11] ) and associated anxiety. It is these symptoms which cue the individual that their body is under stress [51] .
In conclusion, in classifying the four factors, we have identified the latent structures that create the physiological responses that cause anxiety and cybersickness in a VRE with considerable movement. The consequences for individuals who are exposed to high levels of simulated movement have been shown to be significant in as little as six minutes [31, 21] . In summary, we have demonstrated that with considerable simulated movement in an immersive environment; where the participant is not in control of the environment, increase in arousal and changes in respiration rate create a modus operandi that initiates physiological changes to carbon dioxide levels and changes in perceived wellness. Further experiments will shed led light on this important issue.
